Although selective activation of the M 1 muscarinic acetylcholine receptor (mAChR) subtype has been shown to improve cognitive function in animal models of neuropsychiatric disorders, recent evidence suggests that enhancing M 4 mAChR function can also improve memory performance. Positive allosteric modulators (PAMs) targeting the M 4 mAChR subtype have shown therapeutic potential for the treatment of multiple symptoms observed in schizophrenia, including positive and cognitive symptoms when assessed in acute preclinical dosing paradigms. Since the cholinergic system has been implicated in multiple stages of learning and memory, we evaluated the effects of repeated dosing with the highly selective M 4 PAM VU0467154 on either acquisition and/or consolidation of learning and memory when dosed alone or after pharmacologic challenge with the N-methyl-D-aspartate subtype of glutamate receptors (NMDAR) antagonist MK-801. MK-801 challenge represents a well-documented preclinical model of NMDAR hypofunction that is thought to underlie some of the positive and cognitive symptoms observed in schizophrenia. In wildtype mice, 10-day, once-daily dosing of VU0467154 either prior to, or immediately after daily testing enhanced the rate of learning in a touchscreen visual pairwise discrimination task; these effects were absent in M 4 mAChR knockout mice. Following a similar 10-day, oncedaily dosing regimen of VU0467154, we also observed 1) improved acquisition of memory in a cuemediated conditioned freezing paradigm, 2) attenuation of MK-801-induced disruptions in the acquisition of memory in a context-mediated conditioned freezing paradigm and 3) reversal of MK-801-induced hyperlocomotion. Comparable efficacy and plasma and brain concentrations of VU0467154 were observed after repeated dosing as those previously reported with an acute, single dose administration of this M 4 PAM. Together, these studies are the first to demonstrate that cognitive enhancing and antipsychotic-like activity are not subject to the development of tolerance following repeated dosing with a selective M 4 PAM in mice and further suggest that activation of M 4 mAChRs may modulate both acquisition and consolidation of memory functions.
Introduction
Currently available antipsychotic drugs (APDs) provide limited therapeutic benefits for many of the complex symptom clusters associated with schizophrenia, particularly the cognitive impairments in attention, memory, and executive functions (APA, 2000; Barch and Ceaser, 2012; Nuechterlein et al., 2004) . With overall functional outcome measures positively linked to cognitive function in patients with schizophrenia, there is a critical need to focus on the development of novel treatments to improve cognitive performance (Bobes et al., 2007; Green, 1996; Green et al., 2004) . Of the five different subtypes of muscarinic acetylcholine receptors (mAChRs), termed M 1 -M 5 (Bonner et al., 1987 (Bonner et al., , 1988 , accumulating evidence indicates that selective activators of M 1 and/or M 4 mAChRs may provide exciting alternative strategies for the treatment of core symptoms in schizophrenia, including cognitive impairments (Jones et al., 2012) . For example, the M 1 /M 4 -preferring mAChR agonist xanomeline reduced the psychotic symptoms and improved some cognitive deficits in an early proof-of-concept trial in patients with schizophrenia (Shekhar et al., 2008) . Unfortunately, xanomeline, similar to other nonselective mAChR agonists, failed in clinical development due to dose-limiting adverse side effects attributed to off-target activation of peripheral M 2 and M 3 mAChRs (McArthur et al., 2010) .
More recently, our group and others have identified subtypeselective mAChR ligands that potentiate specific mAChR subtypes via binding to sites topographically distinct from the orthosteric binding site of acetylcholine (ACh), termed allosteric sites (Conn et al., 2009 ). These efforts have resulted in the discovery of several novel and highly selective M 4 positive allosteric modulators (PAMs), including the optimized M 4 PAM VU0467154 (Brady et al., 2008; Bubser et al., 2014; Byun et al., 2014; Shirey et al., 2008) . VU0467154, like other M 4 PAMs, does not activate M 4 directly, but markedly potentiates the response of the rat M 4 receptor to ACh with an EC 50 value of 17.7 nM and induces a 68% maximal response when compared to the EC max of ACh (ACh max ) . Relative to other M 4 PAMs, VU0467154 also possesses enhanced rodent pharmacokinetic (PK) properties that allow more extensive characterization of M 4 -mediated mechanisms in rodent models predictive of antipsychotic-like activity and improved cognitive performance . As previously reported, our selective M 4 PAMs, including VU0467154, exhibit an APD-like profile in rodents comparable to the M 1 /M 4 -preferring agonist xanomeline without induction of adverse side effects (e.g., salivation, lacrimation, diarrhea) (Brady et al., 2008; Bubser et al., 2014; Byun et al., 2014) .
Using the M 4 PAM VU0467154, we recently demonstrated that selective potentiation of M 4 signaling could also ameliorate the behavioral and associative learning impairments induced by the noncompetitive N-methyl-D-aspartate subtype of the glutamate receptor (NMDAR) antagonist MK-801 in wildtype, but not in M 4 mAChR knockout (KO) mice . Pharmacologic challenge with MK-801 represents a well validated preclinical model of NMDAR hypofunction, which is thought to underlie many of the symptoms observed in schizophrenia patients (Anticevic et al., 2015; Blot et al., 2013; Coyle et al., 2012) . In addition, VU0467154 reversed MK-801-induced increases in high frequency cortical gamma power similar to effects observed with the atypical APD clozapine (Gould et al., 2016) . While collectively these findings are promising, all previous studies evaluating the effects of M 4 PAMs on cognition were conducted using only acute, single dosing paradigms. To date, the potential for cognitive enhancing effects in more complex models of learning and memory and antipsychoticlike activity following repeated dosing of M 4 PAMs have not been investigated.
The purpose of the present studies was to first evaluate the effects of 10-day, once-daily dosing of VU0467154, administered prior to each daily training session, on the acquisition of a touchscreen visual pairwise discrimination task, a preclinical model of associative learning and memory. Potential changes induced by M 4 activation in both the rate of learning (increases in percent accuracy across 10 consecutive testing days) and acquisition of this task (the number of training days to achieve 80% accuracy) were measured in wildtype and M 4 KO mice. Since the muscarinic cholinergic system has also been implicated in the stabilization or consolidation of memories over longer periods of time, which are often associated with sleep-dependent mechanisms (Gais and Born, 2004a, b; Hasselmo and Sarter, 2011) , we next examined the effects of 10-day, once-daily dosing of VU0467154, when administered immediately after each daily session, on pairwise discrimination learning in wildtype mice. Finally, we evaluated the effects of VU0467154 after 10 days of once-daily dosing on previously reported acute effects in two preclinical models of hippocampal and non-hippocampal learning and memory functions and in a preclinical model predictive of APD-like activity. Specifically, we examined the ability of VU0467154 to 1) enhance the acquisition of memory using a cuemediated conditioned freezing assay, 2) attenuate MK-801-induced disruptions in the acquisition of memory using a contextual conditioned freezing assay, and 3) attenuate MK-801-induced hyperlocomotion in wildtype mice. In addition, we measured brain and plasma concentrations of VU0467154 after once-daily repeated dosing to determine if potential changes in efficacy could be related to steady-state accumulation or altered metabolic clearance of VU0467154 through auto-induction of cytochrome P450s. Importantly, this 10-day, once-daily dosing regimen produced similar behavioral effects and plasma and brain concentrations as previously reported with a single acute dose of VU0467154.
Materials and methods

Subjects
All studies were conducted in 8e12 week old adult male wildtype and M 4 KO mice with the same genetic background (C57BL/ 6NTac) and group-housed under a 12/12 h light-dark cycle with water available ad libitum. For all touchscreen cognition studies (but not conditioned freezing studies), mice were gradually food restricted and maintained at~85% free-feeding weight prior to initiation of training. Pairwise discrimination sessions occurred during the first 6 h of the light phase. All animal experiments were approved by the Vanderbilt University Animal Care and Use Committee and experimental procedures conformed to guidelines established by the National Research Council Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering and the number of animals used.
2.2. Assessment of repeated (10 days) dosing of VU0467154 prior to daily testing on rate of learning and acquisition of a pairwise discrimination task in wildtype mice 2.2.1. Touchscreen training Mice were trained in operant chambers (Lafayette Instruments, Lafayette, IN) to respond to stimuli presented on a computer screen by breaking an infrared beam in close proximity to the stimuli (e.g. a nosepoke) according to convention (for detailed methods see Bubser et al., 2014; Gould et al., 2015; Horner et al., 2013) . Throughout training and testing, a mask was placed over the touchscreen such that responses could only be made in one of two (2 Â 2 inch) windows on the screen. In brief, mice were trained over the course of 7e10 days to initiate each trial by emitting a response via a nose-poke in a receptacle located on the wall opposite the touchscreen. After initiation of each trial, mice were required to nose-poke on a stimulus appearing in one of the response windows, and then collect a liquid reward (33% diluted Ensure; 30 mL delivered via a peristaltic pump) from the receptacle located on the opposite wall from the touchscreen. Trial availability was signaled by illumination of a light within the receptacle, with a 5 s inter-trial interval. Incorrect responses (nose-poke on a window without a stimulus) were signaled by extinguishing the houselight for 5 s. Once mice reliably tracked and responded on the stimuli (>80% accuracy), they were assigned to treatment groups counterbalanced across the following variables based on the last day of training before initiation of the pairwise discrimination task: weight, accuracy, session length, correct response latency (average duration of time from trial initiation to a registered nose poke on the stimulus) and reinforcer retrieval latency (average duration of time to make a head entry into the reward receptacle following a correct response).
Pairwise discrimination task
Following training, mice were exposed to 10 consecutive daily cognition sessions in which two stimuli were pseudo-randomly presented on the left and right windows of the screen. Responding on one stimulus (Sþ, "fan") resulted in delivery of a liquid reward followed by a 5 s inter-trial interval (ITI); responding on the incorrect stimulus (S-, "marbles") terminated the trial, extinguished the house light, and initiated the 5 s ITI before the house light illuminated again to signal the next trial. "Correction trials" were not implemented following incorrect responses. Total sessions lasted 60 trials or a maximum of 60 min. For pairwise discrimination studies, effects of dose (Study 2.2: Vehicle, 0.3, 1, 3, 10 mg/kg VU0467154; Study 2.3: Vehicle, 3 mg/kg VU0467154), or the time of dosing (Study 2.4: Vehicle compared to 1 mg/kg VU0467154 administered prior to or post-test sessions) were determined by a Two-Way ANOVA followed by a Holm-Sidak test comparing treatment to vehicle groups (Study 2.2 and 2.3) or comparing two groups to each other, respectively.
Starting on Day 1 after completing training, wildtype mice were administered vehicle (10% Tween 80, 90% water, v/v; 10 mL/kg) or a dose of VU0467154 (0.3, 1, 3 or 10 mg/kg; 10 mL/kg) via intraperitoneal (IP) injection 60 min prior to the start of each discrimination session for 10 consecutive days.
To assess effects of repeated dosing of VU0467154 on plasma and brain levels, a subset of mice were administered vehicle or VU0467154 (1, 3, 10 mg/kg; IP) once daily for 4 additional days after the last cognition session (total 14 days of daily dosing). 2.5 h following administration on day 14, mice were anesthetized with isoflurane, decapitated and trunk blood was collected and stored on ice in EDTA-coated blood collection tubes until centrifuged (10 min, 1623 rcf, 4 C) to obtain plasma. Brains were extracted, briefly rinsed with phosphate buffered saline and flash frozen on dry ice. Plasma and whole brain samples were stored at À80 C until analysis. Total plasma and brain concentrations of VU0467154 were quantified via LC-MS/MS methods as previously described . Collection time points and procedures were identical to prior studies in order to compare present data with previously published data following acute administration . Calculated unbound plasma and brain concentrations were determined based on in vitro mouse plasma (0.022) and brain (0.014) fraction unbound (f u ) values . Data were calculated as mean ± standard deviation (SD; n ¼ 4e5/dose).
2.3. Assessment of the effects of repeated (10 days) dosing of VU0467154 on rate of learning and acquisition of a pairwise discrimination task in M 4 KO mice To confirm that the cognitive enhancing effects of VU0467154 in the visual pairwise discrimination task were mediated through potentiation of M 4 mAChRs, separate groups of M 4 KO mice were administered vehicle or 3 mg/kg VU0467154. We have previously reported cognitive impairments in M 4 mAChR KO mice . Therefore, to increase the sensitivity of this experiment, we selected the highest dose of VU0467154 that produced cognitive enhancing effects in wildtype mice (3 mg/kg VU0467154), dosed 60 min prior to each of 10 consecutive pairwise discrimination training days. Compound formulation/administration, data collection and analyses were conducted as previously outlined.
2.4. Assessment of the effects of repeated (10 days) dosing of VU0467154 on acquisition versus consolidation of a pairwise discrimination task in wildtype mice
To determine whether the cognitive enhancing effects of VU0467154 were mediated by enhanced acquisition or consolidation of memory functions in the pairwise discrimination task, wildtype mice were trained as above, randomized into treatment groups, and administered either vehicle (10% Tween 80, 90% water, v/v; IP, 10 mL/kg) or a dose of 1 mg/kg VU0467154 (IP, 10 mL/kg) 60 min prior to the start or immediately upon completion of each pairwise discrimination training session for 10 consecutive days. The 1 mg/kg dose was selected based on the pharmacokinetic profile of VU0467154 and because it was the lowest dose shown to improve cognitive performance based on results from Experiment 2.2. In previous mouse pharmacokinetic studies , VU0467154 exhibited an elimination half-life of 4.7 h following a single 1 mg/kg IP administration. Thus, in the present studies, elimination of >95% of the administered 1 mg/kg dose should have occurred by 24 h (i.e., !5 half-lives). Because the percent accuracy between vehicle-treated groups dosed before or after each session was not different, all vehicle data have been combined and reported together (see Supplemental Fig. 1 ).
To further determine if the pharmacodynamic effects of VU0467154 were altered by repeated dosing using a 10-day, oncedaily dosing regimen, we examined the ability of VU0467154 to 1) enhance acquisition of memory using a cue-mediated conditioned freezing assay, 2) attenuate MK-801-induced disruptions in the acquisition of memory using a contextual conditioned freezing assay, and 3) attenuate MK-801-induced hyperlocomotion. Importantly, the selection of these three assays and doses of VU0467154 were based on previously published full dose-response evaluations of the acute effects of VU0467154 in the same assays (see Bubser et al., 2014) .
2.5. Assessment of the effects of acute (1 day) versus repeated (10 days) dosing of VU0467154 on the acquisition of memory using a cue-dependent conditioned freezing paradigm Separate groups of wildtype mice were administered vehicle once daily (n ¼ 42; 10% Tween 80, 90% water, v/v; 10 mL/kg) or a dose of 3 (n ¼ 14) or 10 (n ¼ 16) mg/kg VU0467154 (10 mL/kg) via IP injection for 9 consecutive days. On Day 10 (day of 1 of conditioned freezing paradigm), vehicle treated mice were randomly separated into 3 groups and were administered vehicle (n ¼ 16), 3 (n ¼ 13) or 10 (n ¼ 13) mg/kg VU0467154 (acute dose group). The groups that received 3 or 10 mg/kg VU0467154 for 9 days also were administered the same dose on Day 10 (repeated dosing groups; see Fig. 4A for schematic of treatment groups). Effects of acute (1 day) versus repeated administration (10 days) of VU0467154 on cue-mediated conditioned freezing were examined using the following paradigm: Studies were conducted using conditioning chambers in sound attenuating cubicles equipped with a stainless steel grid floor for shock delivery, 1 mL of 10% vanilla extract as an odor cue, and a video camera for recording freezing behavior as previously described (MedAssociates, Allentown, NJ) (see (Lebois et al., 2010) ). On the conditioning day (day 10 of dosing), mice were habituated for 1 h in an anteroom. Mice were then administered their respective treatment dose (vehicle, 3 or 10 mg/kg VU0467154 IP) 1 h prior to conditioning. After the 1 h pretreatment period elapsed, mice were placed into the conditioning chamber that was scented with 1.0 mL 10% vanilla extract and illuminated with a white house light and exposed to the following 8-min session: 90 s habituation followed by four 30 s tone presentations (85 dB, 2500 Hz) coterminating with a shock (0.7 mA, 1 s) with an interstimulus interval of 60 s, followed by a 90-s interval without stimuli. Approximately 24 h after conditioning, mice were returned to the anteroom where they were habituated under infrared light for 60 min. The test room and chamber were also illuminated by an infrared light only. The context of the chamber was altered with the addition of a white Plexiglass floor on top of the shock grid, a black teepee to alter the shape/size of the chamber, and a 0.5 mL 10% eucalyptus oil odor cue. Mice were presented with the identical testing paradigm as on conditioning day (4 tones) but without the shock stimuli. Freezing behavior, defined as motionless posture, excluding respiratory movements, was measured in the absence of any shock stimuli for 8 min. Data are presented as means ± S.E.M. and analyzed by one-way ANOVA followed by Holm-Sidak's test comparing all groups to the group treated with Vehicle for 10 days.
2.6. Assessment of the effects of repeated (10 days) dosing of VU0467154 on MK-801-induced-disruptions in the acquisition of memory in the contextual conditioned freezing task Studies were conducted using a similar 10-day once-daily dosing paradigm and identical conditioning chambers as those described for cue-mediated conditioned freezing studies. Separate groups of wildtype mice were administered once-daily vehicle (n ¼ 29; 10% Tween 80, 90% water, v/v; 10 mL/kg) or a dose of 3 (n ¼ 13) or 10 (n ¼ 26) mg/kg VU0467154 (10 mL/kg) via IP injection for 10 consecutive days; respective doses on day 10 (day of 1 of conditioned freezing paradigm) were administered 1 h prior to the conditioning procedure (see below). On day 10, 30 min prior to the conditioning training approximately half of the mice that were administered vehicle (n ¼ 15) and half that were administered 10 mg/kg (n ¼ 16) (and all that were administered 3 mg/kg) VU0467154 were administered 0.1 mg/kg MK-801 (IP), a dose that was previously shown to disrupt contextual conditioned freezing . For respective control groups, the other half of mice that received vehicle or 10 mg/kg VU0467154 for 10 consecutive days were administered saline 30 min prior to conditioning (see Fig. 4C for schematic of treatment groups). Effects of repeated administration (10 days) of VU0467154 on context-mediated conditioned freezing were examined using the following paradigm: After a 2-min habituation period in the conditioning chamber scented with 1.0 mL of 10% Vanilla extract and illuminated by a white house light, four presentations of an unconditioned stimulus (0.7 mA 1-s footshock; 89-s intertrial interval) were delivered followed by a 90-s interval (8-min total) . Approximately 24 h after conditioning, mice were exposed to the same conditioning context (identical conditioning chamber and odor cue) under drug-free conditions and freezing behavior was determined. Data are presented as means ± S.E.M. and analyzed by one-way ANOVA followed by Holm-Sidak's test comparing all groups to the group treated with Vehicle for 10 days and then administered MK-801 acutely on day 10.
Assessment of the effects of acute (1 day) versus repeated (10 days) dosing of VU0467154 on MK-801-induced hyperlocomotion
Separate groups of mice were administered once-daily vehicle (n ¼ 23; 10% Tween 80, 90% water, v/v; 10 mL/kg) or a dose of 10 mg/kg VU0467154 (n ¼ 12; 10 mL/kg) via IP injection for 9 consecutive days. On Day 10, half of the mice in the vehicle group were administered vehicle (n ¼ 11) and the other half was administered 10 mg/kg VU0467154 (acute dose group). The group that received 10 mg/kg VU0467154 for 9 days also was administered 10 mg/kg VU0467154 on Day 10 (repeated dosing group; see Fig. 4E for schematic of treatment groups). Effects of acute (1 day) versus repeated administration (10 days) of VU0467154 on MK-801-induced hyperlocomotion were examined using the following paradigm: Open field activity was tested using an open field system (OFA-510, MedAssociates, St. Albans, VT) with three 16 Â 16 arrays of infrared photobeams as described previously Byun et al., 2014) . Wildtype mice were habituated for 90 min in the open field before being injected with vehicle or 10 mg/kg VU0467154; 30 min later 0.3 mg/kg MK-801 (in 0.9% saline; 10 mL/ kg, IP) was administered, and locomotor activity was recorded for an additional 120 min. Doses of VU0467154 and MK-801 were selected based on previously published full dose-response evaluations . Specifically, given that tolerance is most likely to occur following repeated exposure to higher concentrations of a given test compound, we chose to administer the top dose tested in the pairwise discrimination test (10 mg/kg VU0467154) once daily for 10 days to determine whether tolerance would develop to the acute pharmacodynamic effects of VU0467154. The time course of drug-induced changes in ambulation was expressed as total distance travelled (cm)/5 min over the entire 240-min session, as well as total distance travelled in the 120 min following administration of MK-801. Total activity data (means ± S.E.M.) were analyzed by a one-way ANOVA and post hoc comparisons were made by a Holm-Sidak test.
Results
3.1. Assessment of repeated (10 days) dosing of VU0467154 prior to daily testing on rate of learning and acquisition of a pairwise discrimination task in wildtype mice
As shown in Fig. 1A , on day 1 percent accuracy for all groups was near 50% (chance). For the overall data analysis, 4 of the total 59 mice tested were excluded; 2 mice that completed <20 trials per day and 2 mice that did not improve above 55% accuracy across the 10 days. Over the 10-day dosing period, there was a significant increase in percent accuracy (F 9,450 ¼ 71.48; p < 0.0001), and a significant interaction between day and group (F 36,450 ¼ 1.92; p < 0.01), but not a significant effect of dose (F 4,50 ¼ 2.52; p ¼ 0.053). Holm-Sidak post-hoc analysis revealed that mice treated with 1 and 3 mg/kg VU0467154 demonstrated a significant improvement in rate of learning, as shown by significantly higher percent accuracy on day 5 (1 mg/kg) and day 6 (1 and 3 mg/kg), compared to the vehicle-treated wildtype mice (all p < 0.05). Daily IP administration of 0.3 and 10 mg/kg VU467154 did not improve rate of learning in wildtype mice compared to respective vehicletreated mice, demonstrating a classic inverted-U-shaped dose-effect curve (see below).
To examine effects of VU0467154 on acquisition, the percentage of each animals per day in each treatment group that acquired the test (>80% accuracy) was plotted as a survival curve. As shown in Fig. 1B, 50% and 80% of the mice treated with 1 and 3 mg/kg VU0467154 acquired this task in 5 and 6 days respectively, compared to 7 and 8 days for vehicle-treated mice.
We also examined the number of completed trials, overall session length, average response latency on correct trials and average reinforcer retrieval latency to provide measures of motor function or motivation to respond that may indirectly influence learning. As shown in Fig. 1C , there was a significant effect of dose (F 4,499 ¼ 18.96, p < 0.0001) and day (F 9,499 ¼ 2.70, p < 0.01), but not an interaction (F 36,499 ¼ 0.98, p > 0.05) on number of trials completed. Mice receiving 10 mg/kg VU0467154 completed fewer trials compared to vehicle-treated mice on days 2e5 and day 8; p < 0.05). As shown in Fig. 1D , there was a significant effect of dose (F 4,499 ¼ 43.63, p < 0.0001) and day (F 9,499 ¼ 12.34, p < 0.0001), but not an interaction (F 36,499 ¼ 0.92, p > 0.05) on session length such that treatment with VU0467154 increased total session length. Mice receiving VU0467154 took longer to complete each session compared to vehicle-treated mice on the following days; 0.3 mg/kg, days 1e4; 3.0 mg/kg, days 3 and 7; 10 mg/kg, days 1e9; all p < 0.05). There was also a significant effect of dose (F 4,498 ¼ 29.07, p < 0.0001), but not day (F 9,498 ¼ 1.88, p > 0.05) nor an interaction (F 36,498 ¼ 1.05, p > 0.05) on correct response latency (Fig. 1E) , such that 10 mg/kg VU0467154 significantly increased latency (days 1e5 and 8 significantly different from vehicle-treated mice; p < 0.05). Similarly, there was a significant effect of dose (F 4,496 ¼ 7.61, p < 0.0001), but not day (F 9,496 ¼ 1.73, p > 0.05) nor an interaction (F 36,496 ¼ 0.68, p > 0.05) on reinforcer retrieval latency such that 10 mg/kg increased latency on days 3 and 4, while lower doses did not affect retrieval latency (data not shown). In general, effects were dose-dependent and driven by the 10 mg/kg treatment group, suggesting that, at the highest dose tested, nonselective disruptive effects on motor output or motivation may contribute to lack of cognitive enhancing effects; however, in all cases these effects dissipated across the 10 days.
These studies are the first to report effects of repeated administration of an M 4 PAM on measures of cognition. To confirm that effects on cognition were not influenced by pharmacokinetic factors (e.g. cytochrome P450 auto-induction or steady-state accumulation), a subset of mice from this pairwise discrimination study was administered VU0467154 for an additional 4 days (total 14 days of dosing), followed by measurement of plasma and brain levels of VU0467154 2.5 h after the last dose of VU0467154 was administered. As shown in Table 1 , repeated administration of 1, 3, and 10 mg/kg VU0467154 produced 1.2, 2.2, and 4.2 nM calculated unbound brain concentrations. The 2.5 h post-final dosing time point was chosen to correspond with the previously reported time point for assessment of plasma and brain concentrations following a single administration of 1, 3, and 10 mg/kg VU0467154 in mice, which resulted in 1.0, 2.2, and 5.6 nM calculated unbound brain concentrations . Comparing the logtransformed molar concentrations for the present pharmacokinetic data with our previously published acute treatment data, the difference between acute and repeated administration for 10 mg/kg VU0467154 revealed a minimal difference (~2%) between unbound brain concentrations. Thus, once daily dosing produced plasma/ brain concentrations similar to those observed from a single dose of VU0467154, consistent with the once daily dosing interval (24 h) encompassing !5 half-lives, and thereby precluding steady-state accumulation.
3.2. Assessment of the effects of repeated (10 days) dosing of VU0467154 on rate of learning and acquisition of a pairwise discrimination task in M 4 KO mice To determine whether enhancement of the rate of learning a pairwise discrimination task by VU0467154 was mediated through potentiation of M 4 mAChRs, we administered vehicle or 3 mg/kg VU0467154 60 min before test sessions for 10 consecutive days in Fig. 1 . VU0467154 dose-dependently improves rate of acquisition of a pairwise discrimination task in mice when administered 60 min prior to each daily test session. A) Percent accuracy across the first 10 days of learning a pairwise discrimination (PWD) task. B) Percent of mice that reached acquisition criteria (>80% accuracy) across the 10 days of learning a PWD task. C) Total number of completed trials, D) session length, and E) average latency to respond for all correct trials, across 10 days of learning a PWD task; n ¼ 10e12 mice/ group; þ , 0.3 mg/kg;^, 1 mg/kg; *, 3 mg/kg; & , 10 mg/kg, p < 0.05 compared to vehicle-treated mice on the same day. All data shown as group average (±SEM).
M 4 KO mice. As shown in Fig. 2A , over the 10-day period, there was a significant increase in percent accuracy (F 9,135 ¼ 16.76; p < 0.0001), but no effect of VU0467154 treatment (F 1,15 ¼ 1.77; p > 0.05), nor a time Â treatment interaction (F 9,135 ¼ 0.31; p > 0.05). There were no days on which VU0467154-treated mice differed from vehicle-treated mice (all p > 0.05). As shown in Fig. 2B , by day 10, 30% of the vehicle-treated mice and 60% of the VU0467154-treated mice had acquired the discrimination. 2 of the total 19 mice that did not improve above 55% accuracy across the 10 days were excluded from overall data analysis. There was a significant effect of day (F 9,135 ¼ 15.79, p < 0.0001), but not treatment group (F 1,15 ¼ 0.15, p > 0.05), nor an interaction (F 9,135 ¼ 0.46, p > 0.05) on session length (Fig. 2C ). In addition, there were significant effects of treatment group (F 1,149 ¼ 11.32, p < 0.001) and day (F 9,149 ¼ 2.19, p < 0.05), but no interaction (F 9,149 ¼ 0.38, p > 0.05) on correct response latency (Fig. 2D) ; both measures decreased across sessions and post-hoc tests did not reveal specific days on which the treatment groups (Vehicle or 3 mg/kg VU0467154) were significantly different from each other. There were no differences in number of trials completed or reinforcer retrieval latency between treatment groups (not shown).
Assessment of the effects of repeated (10 days) dosing of VU0467154 on acquisition versus consolidation of a pairwise discrimination task in wildtype mice
To determine whether enhancement of the rate of learning a pairwise discrimination task by VU0467154 was through acquisition or consolidation of memory, we administered 1 mg/kg VU0467154 60 min before or immediately after each session for 10 consecutive days. As shown in Fig. 3A , over the 10-day period, there was a significant increase in percent accuracy over time (F 9,209 ¼ 25.95; p < 0.0001), and a significant effect of treatment group (F 2,209 ¼ 17.65; p < 0.0001), but no significant interaction (F 18,209 ¼ 0.66; p > 0.05). Holm-Sidak post-hoc analysis revealed that mice treated with 1 mg/kg VU0467154 before daily sessions demonstrated a significant improvement in rate of learning, as shown by significantly higher percent accuracy on days 2e5. Mice treated with 1 mg/kg VU0467154 after each session demonstrated a significant improvement on day 3, compared to the vehicle-treated wildtype mice (all p < 0.05); there were no significant differences between groups treated with VU0467154. As shown in Fig. 3B , 50% of mice dosed with VU0467154 before and after daily sessions Fig. 2 . VU0467154 does not improve rate of acquisition of a pairwise discrimination task in M 4 KO mice when administered 60 min prior to each daily test session. A) Percent accuracy across the first 10 days of learning a pairwise discrimination (PWD) task. B) Percent of mice that acquired (>80% accuracy) across the 10 days of learning a PWD task. C) Average total session length, D) average latency to respond for all correct trials across 10 days of learning a PWD task; n ¼ 7e10 mice/group. All data shown as group average (±SEM).
acquired the discrimination on days 3 and 4, respectively, compared to 6 days in the vehicle-treated group.
There was a significant effect of treatment group (F 2,205 ¼ 13.64, p < 0.0001) and day (F 9,205 ¼ 2.76, p < 0.01), but no interaction (F 18,205 ¼ 0.55, p > 0.05) on correct response latency (Fig. 3C) . Correct response latency was higher in mice treated with VU0467154 before the session on day 3 and 4 compared to vehicletreated groups (p < 0.05). There was a significant effect of treatment group (F 2,204 ¼ 8.83, p < 0.001) and day (F 9,204 ¼ 3.10, p < 0.05), but not an interaction (F 18,204 ¼ 0.55, p > 0.05) on reinforcer retrieval latency (Fig. 3D) . Reinforcer retrieval latency was higher on day 3 in mice administered VU0467154 before the session compared to vehicle (p < 0.05). However, similar to our previous data (Fig. 1) , significant effects on latency were driven by decreases across the 10-day period. There were no differences in number of trials completed or overall session length between treatment groups.
3.4. Assessment of the effects of acute (1 day) versus repeated (10 days) dosing of VU0467154 on the acquisition of memory using a cue-dependent conditioned freezing paradigm Of the 72 mice that completed the study, 9 were excluded from statistical analysis that demonstrated <20% freezing on the test day (3 from the 10-day repeated Vehicle treatment group, 2 from each of the 10-day repeated 3 and 10 mg/kg VU0467154 treatment group, and 1 mouse each from the acute 3 and 10 mg/kg VU0467154 treatment group). As shown in Fig. 4B , there was a significant main effect of treatment group (F 4,56 ¼ 2.67, p < 0.05). Both the group that was administered 10 mg/kg VU0467154 only on Day 10 (acute group) and the group that was administered 10 mg/kg VU0467154 once-daily for 10 days were significantly different from the group of mice that were administered vehicle for 10 days (both p < 0.05).
3.5. Assessment of the effects of repeated (10 days) dosing of VU0467154 on MK-801-induced-disruptions of the acquisition of memory in the contextual conditioned freezing As shown in Fig. 4D , there was a significant main effect of treatment group (F 4,67 ¼ 3.37, p < 0.05). The group of mice that was administered 10 mg/kg VU0467154 once-daily for 10 days and then administered 0.1 mg/kg MK-801 on Day 10 was significantly different from the group of vehicle-treated mice that was acutely administered MK-801 (p < 0.05).
3.6. Assessment of the effects of acute (1 day) versus repeated (10 days) dosing of VU0467154 on reversal of MK-801-induced hyperlocomotion As shown in Fig. 4F /G, pretreatment with a dose of 10 mg/kg VU0467154 administered once (p < 0.05) or once daily for 10 days significantly (p < 0.01) attenuated MK-801-induced hyperlocomotion when summed across the 120 min period following MK-801 administration (F 2,32 ¼ 6.91, p < 0.01); activity was not different between the acute and repeated VU0467154-treatment groups. Further analysis based on summed data in 30-min intervals (allowing for comparison of the onset and offset of MK-801's effects) yielded similar results (e.g. both 10-day, once-daily dosing and single, acute dosing with VU0467154 attenuated MK-801's effects yet were not different from each other; data not shown).
Discussion
Selective potentiation of M 4 mAChRs represents an important Fig. 3 . VU0467154 improves rate of acquisition of a pairwise discrimination task in wildtype mice (A, B) when administered 60 min prior to (red squares) or immediately following (blue triangles) each daily test session. A) Percent accuracy across the first 10 days of learning a pairwise discrimination (PWD) task. B) Percent of mice that acquired (>80% accuracy) across the 10 days of learning a PWD task. C) Average latency to respond for all correct trials, D) and average latency to retrieve the reinforcer after each correct trial across 10 days of learning a PWD task; n ¼ 8 mice/group; *, 1 mg/kg pre-session;^, 1 mg/kg post-session, p < 0.05 compared to vehicle-treated mice on the same day. All data shown as group average (±SEM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) novel mechanism for the potential treatment of multiple symptom clusters associated with schizophrenia, including positive symptoms and cognitive impairments. Given the dearth of M 4 -selective ligands with suitable pharmacokinetic properties for in vivo use until recently, all previous preclinical studies have focused on evaluations of efficacy using only acute dosing paradigms. The present studies provide the first demonstration that the acute cognitive enhancing and antipsychotic-like activity produced by selective activation of the M 4 mAChR using an M 4 PAM are not subject to the development of tolerance under a 10-day, once-daily dosing regimen in mice. Interestingly, these effects were observed in both hippocampal and non-hippocampal mediated cognitive tasks when administered alone or after pharmacologic challenge with MK-801. Moreover, these findings indicate a potential role for the modulation of M 4 mAChRs in both the acquisition and consolidation of memory functions. Together, these studies extend accumulating evidence supporting future development of selective M 4 PAMs for the treatment of cognitive deficits and positive symptoms observed in various neuropsychiatric disorders, such as schizophrenia. Fig. 4 . Tolerance does not develop to the behavioral effects of VU0467154 following 10-day, once daily dosing. (A,C,E) Schematics detailing treatment groups for examining the effects of 10-day, once-daily dosing of VU0467154 on A,B) cue-mediated conditioned freezing, C,D) MK-801-induced disruptions of context-mediated conditioned freezing, and E-G) MK-801-induced hyperlocomotion. B,D) Percent freezing during the 8-min session examined 24 h after training. F) Distance travelled in cm/5 min bins, and G) total distance travelled in the 120 min following MK-801 administration; n ¼ 11e12/group per treatment group; *p < 0.05 compared to the group of mice that were administered vehicle for 10 days; @, p < 0.05 compared to the group of mice that were administered vehicle for 10 days and MK-801 acutely prior to conditioning;^,p < 0.05,^^p < 0.01 compared to vehicle þ MK-801 treatment group. All data shown as means (±SEM; n ¼ 11e15/group).
Our current data show that repeated administration of the M 4 PAM VU0467154 did not result in the development of tolerance to the behavioral effects observed across several preclinical models of cognition and antipsychotic-like activity relevant to schizophrenia. Although the development of tolerance for novel therapeutics represents an important potential source of failure in clinical trials, it is infrequently and/or insufficiently examined in preclinical studies (Bespalov et al., 2016) . In general, there are three different types of tolerance that may affect perceived efficacy with a novel drug mechanism, including pharmacokinetic (altered metabolism or drug disposition), pharmacodynamic (altered response of the receptor system), and/or learned/behavioral tolerance (altered response within a specific drug-related context usually to overcome a detrimental effect on behavior) (Bespalov et al., 2016) . With regard to pharmacokinetic tolerance, the brain and plasma concentrations (and brain:plasma distribution ratios) of VU0467154 after 14 consecutive days of dosing were comparable to previously reported levels after acute administration (see Table 3 from, Bubser et al., 2014) . These pharmacokinetic findings are in agreement with previous results suggesting a lack of cytochrome P450 induction by VU0467154 that could increase metabolism/elimination . These data confirm that little or no accumulation at steady-state occurred from a once daily IP administration schedule. To assess possible induction of pharmacodynamic tolerance, we administered VU0467154 in the homecage for 9 days and then examined the ability of VU0467154 on the 10th day of dosing to acutely 1) enhance the acquisition of memory, 2) attenuate MK-801-induced disruptions in the acquisition of memory, and 3) attenuate MK-801-induced hyperlocomotion. Importantly, as shown in each of these experiments, we observed similar effects after repeated dosing as observed with a single, acute administration of VU0467154. Consistent with this approach, once-daily, repeated administration with the M 4 PAM VU0467154 when initiated at presymptomatic ages in the YAC128 mouse model of Huntington's Disease improved both motor and synaptic deficits after 5 months of daily dosing (Pancani et al., 2015) . Based on the current and previous findings with repeated dosing of VU0467154, it will be important in future studies to further explore the potential for sustained efficacy and/or disease modification without the development of tolerance in more genetically relevant models of schizophrenia.
The present studies provide the first demonstration of improved cognitive performance in a preclinical learning and memory task with once-daily dosing of an M 4 PAM over multiple days. As shown in the dose-response determination (Fig. 1 ) and follow-up study (Fig. 3) , VU0467154 significantly accelerated rates of learning and acquisition by 2e3 days in both experiments, demonstrating the reproducibility of a robust improvement on memory with oncedaily repeated dosing. These improvements in cognitive performance were also absent in the M 4 KO mice indicating that the effects of VU0467154 are mediated through actions at M 4 mAChRs. By assessing alterations induced by VU0467154 over multiple days of the acquisition phase in the pairwise discrimination task, we controlled for several sources of variability often associated with acute cognition studies, including individual differences and fluctuations in baseline performance, or the need to introduce a cognitive disruptor to artificially increase the signal window to examine cognitive enhancing effects. Our data build on several previously reported studies that examined the acute effects of M 4 mAChR potentiation on various memory tasks. For example, the M 4 PAM VU0152100 enhanced acquisition of performance in an object recognition task following a 5 min delay (Galloway et al., 2014) , a classic preclinical model of working memory. We previously reported that the M 4 PAM VU0467154 also acutely enhanced acquisition of cue-mediated conditioned freezing following a 24-hr delay and reversal of MK-801-induced acute deficits in the acquisition of contextual-mediated conditioned freezing tasks , two well-validated animal models of long-term, non-hippocampal and hippocampal mediated memory functions, respectively.
The current studies are also the first to indicate that memory enhancing effects of M 4 mAChR PAMs may be mediated in part through mechanisms of memory consolidation versus specific encoding or acquisition of memory. While enhanced muscarinic cholinergic function is critical for acquisition of new memory formation, previous preclinical and clinical studies have demonstrated that decreased cholinergic tone is critical for memory consolidation, particularly sleep-dependent memory consolidation (Gais and Born, 2004a, b; Rasch et al., 2006; Winters et al., 2006; Hasselmo and Sarter, 2011) . Declarative memory, one of the most disrupted cognitive domains in schizophrenia (Green et al., 2000) , is improved following slow wave-rich sleep compared to rapid eye movement-rich sleep in healthy subjects (Plihal and Born, 1997) . Moreover, declarative memory is enhanced by increasing slow wave activity during slow wave sleep via transcranial direct current stimulation in patients with schizophrenia (Goder et al., 2013) . Recently, we reported that, in healthy rats, VU0467154 dosedependently increases the ratio of slow wave sleep to rapid eye movement sleep (Gould et al., 2016) . Given the pharmacokinetic profile of VU0467154 in mouse (T max ¼ 1 h, from IP suspension dose; elimination t 1/2 ¼ 4.7 h), mice receiving 1 mg/kg VU0467154 prior to each pairwise discrimination session would have peak concentrations of VU0467154 in the brain at the initiation of the session, and would still exhibit pharmacologically relevant concentrations of VU0467154 in the brain for several hours after the session. Mice are nocturnal and spend a large percentage of time sleeping during light periods. Since these studies were conducted during the light phase, mice presumably cycled in and out of sleep after each daily test session, while relevant concentrations of VU0467154 were present in the brain. In contrast, in mice dosed with VU0467154 immediately after the session, concentrations in the brain would not peak for~1 h. Although recent studies have shown the acetylcholinesterase inhibitor donepezil can still enhance acquisition even when administered immediately after an object retrieval task in rats, these post-test effects on acquisition were concluded to have occurred only when relevant concentrations reached the brain within 10 min post training (Akkerman et al., 2016) . Thus, VU0467154 may be affecting memory acquisition (during task performance) as well as consolidation (period directly after task performance thought to last~1e6 h). In future studies, it will be important to further dissect the role of M 4 mAChRs in memory acquisition and consolidation by studying the effects of an equipotent M 4 PAM possessing a shorter elimination half-life, but an otherwise similar disposition in mouse (not yet available), or by administering an M 4 selective antagonist immediately after test sessions, to restrict M 4 mAChR activation to the acquisition phase of the test.
Understanding the role of M 4 mAChR potentiation in specific neural circuits underlying the cognitive enhancing effects in the pairwise discrimination and cue-and context-mediated conditioned freezing tasks holds potential promise for advancement of novel treatment approaches for the cognitive impairments in schizophrenia. Currently available typical and atypical APDs provide little, if any, therapeutic benefits for the cognitive deficits observed in individuals with schizophrenia, and may even further exacerbate cognitive disruption (Miyamoto et al., 2012; Price et al., 2014) . The current validation of the cognitive enhancing effects of the M 4 PAM mechanism across 3 distinct cognitive assays that are in part dependent on different brain regions (Sacchetti et al., 2002; Zhang et al., 2001 ) after administration alone or in combination with a pharmacological challenge using both Pavlovian conditioning and operant approaches under conditions of a 10-day, oncedaily dosing regimen provides further support for the clinical development of M 4 PAMs to address one or more cognitive impairments observed in individuals with schizophrenia. Interestingly, M 4 mAChRs are expressed throughout limbic and cortical brain regions known to be disrupted in individuals with schizophrenia, including the striatum, hippocampus, and cortex (Hersch and Levey, 1995; Levey et al., 1991; Rouse et al., 1999) , and can function as autoreceptors in the striatum and midbrain (Tzavara et al., 2004; Zhang et al., 2002) , as well as postsynaptic modulatory receptors in the striatum, neocortex, and hippocampus (Levey et al., 1991; Zang and Creese, 1997) . Since efficacy was observed after 10-day, once daily administration of 10 mg/kg VU0467154 on enhancing the acquisition of memory in the cue-mediated conditioned freezing task and reversing both MK-801-induced impairments in the acquisition of a context-mediated conditioned freezing paradigm and induction of hyperactivity, these findings are consistent with the interpretation that selective M 4 PAMs appear to provide a sufficient therapeutic index for potentially improving some of the positive and cognitive symptoms observed schizophrenia within the same dose range. However, based on the inverted-"U"-shaped dose response of the effects of VU0467154 in the acquisition of the visual pairwise discrimination task, it is also possible that lower doses of the M 4 PAMs may be more optimal for boosting some aspects of cognitive performance. Consistent with many cognition studies (Bentley et al., 2011) , VU0467154 engendered an "inverted-U" dose response curve in the pairwise discrimination task, such that the top dose of 10 mg/kg VU0467154 actually decreased the number of trials completed and increased total session duration. This disruption in the pairwise discrimination may be attributed to one or more variables, including doselimiting effects on general motor output or motivation, or simply reductions in the number of trials completed and subsequently chances for stimulus-reinforcement associations. Nevertheless, these effects of 10 mg/kg VU0467154 dissipated across the 10-day study in this assay suggesting a potential for learned/behavioral tolerance to the effect that was inhibiting maximum reinforcement. In contrast, the 10-day, once-daily administration of 10 mg/kg VU0467154 enhanced memory performance in the two conditioned freezing tasks when measured 24-hrs after the last dose of VU0467154 has been eliminated, suggesting that these effects are not attributed to motoric effects or altered motivation, possible effects that would hinder operant-based tasks. While the mechanism underlying these "inverted-U" effects remains unclear, recent studies suggest that there is a critical balance between modulation of phasic versus tonic cholinergic signaling for optimal signal detection and consolidation of newly acquired signals that appears to be both dose-dependent and brain region-specific (Howe et al., 2017; Sarter et al., 2016) . Overall, this broader range of potential therapeutic utility (APD-like and cognitive enhancing effects) observed with the M 4 PAM mechanism in the present studies may ultimately provide clinicians with an opportunity to titrate doses to treat multiple symptom clusters instead of titrating to maximize therapeutic effects while minimizing adverse effects.
In summary, the present findings provide compelling evidence that selective potentiation of M 4 mAChRs enhances multiple aspects of learning and memory and antipsychotic-like activity with repeated administration over multiple days. Ongoing studies are currently investigating the impact of selective potentiation of M 4 mAChRs by VU0467154 on additional cognitive domains, including attention and executive function that are also reported to be impaired in patients with schizophrenia. In addition, future studies will need to extend these findings to longer dosing regimens, compare the current once-daily dosing regimen to a dosing paradigm that provides 24-hr steady state exposure and determine whether the effects of M 4 mAChR modulation are similar in males and females.
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